The structural integrity and mechanical environment of the articular cartilage matrix directly affect chondrocyte deformations. Rabbit models of early osteoarthritis at 9 weeks following anterior cruciate ligament transection (ACLT) have been shown to alter the deformation behavior of superficial zone chondrocytes in mechanically loaded articular cartilage. However, it is not fully understood whether these changes in cell mechanics are caused by changes in structural macromolecules in the extracellular matrix. Therefore, the purpose of this study was to characterize the proteoglycan content, collagen content, and collagen orientation at 9 weeks post ACLT using microscopic techniques, and relate these changes to the altered cell mechanics observed upon mechanical loading of cartilage. At 9 weeks following ACLT, collagen orientation was significantly (p < 0.05) altered and proteoglycan content was significantly (p < 0.05) reduced in the superficial zone cartilage matrix. These structural changes either in the extracellular or pericellular matrix (ECM and PCM) were also correlated significantly (p < 0.05) with chondrocyte width and height changes, thereby suggesting that chondrocyte deformation response to mechanical compression in early OA changes primarily because of alterations in matrix structure. However, compared to the normal group, proteoglycan content in the PCM from the ACLT group decreased less than that in the surrounding ECM. Therefore, PCM could play a key role to protect excessive chondrocyte deformations in the ACLT group. Keywords: chondrocyte; collagen fibre; proteoglycans; osteoarthritis; articular cartilage Articular cartilage is a connective tissue that covers the bony surfaces in synovial joints and functions as a load bearing material for a wide range of loading conditions. Articular cartilage consists of chondrocytes (cells), and the extracellular matrix (ECM) including the pericellular matrix (PCM). The ECM of articular cartilage consists mainly of water with electrolytes and structural macromolecules, that is, collagen fibrils, proteoglycans (PGs), and non-collagenous proteins or glycoproteins.
Articular cartilage is a connective tissue that covers the bony surfaces in synovial joints and functions as a load bearing material for a wide range of loading conditions. Articular cartilage consists of chondrocytes (cells), and the extracellular matrix (ECM) including the pericellular matrix (PCM). The ECM of articular cartilage consists mainly of water with electrolytes and structural macromolecules, that is, collagen fibrils, proteoglycans (PGs), and non-collagenous proteins or glycoproteins. 1 The PCM of articular cartilage is a thin matrix layer immediately surrounding the chondrocyte membrane and consists of water with electrolytes, collagen fibrils, and PGs. The PCM plays a role in preventing excessive chondrocyte deformations. The organization and volume fraction of structural macromolecules depend on tissue depth, 2 and the material and functional properties of articular cartilage depend primarily on the properties of the ECM and PCM. The collagen fibril network mainly provide the tensile stiffness 3 and the proteoglycans maintain tissue hydration and mainly give cartilage its compressive stiffness. 4, 5 Moreover, cartilage compressive mechanics strongly depend on the interaction between collagen and proteoglycan contents. [6] [7] [8] [9] Homeostasis of the structural macromolecules in the ECM is maintained by the intricate interaction between tissue loss and biosynthetic activity of the chondrocytes, 10 while the structural integrity of the ECM directly affects chondrocyte mechanics, signaling, and biosynthesis. 11, 12 Therefore, an understanding of the interplay between ECM/PCM structure and chondrocyte mechanics is essential for understanding mechanisms of cartilage adaptation, maintenance, and degeneration.
Osteoarthritis (OA) is a disease of synovial joints characterized by degeneration of articular cartilage. It is the most common joint disease and the single largest reason for disability. 13 In early OA of the human knee, the structure of the cartilage changes and it becomes soft, peak contact pressures are reduced, and contact areas are generally increased. 14, 15 Animal models of early OA have shown an initial increase in cartilage thickness, permeability and water content, 16 and a decrease in collagen content, collagen orientation, and proteoglycan content. [17] [18] [19] In the final stages of OA, cartilage erodes from the articular surfaces. 20 As OA progresses, mechanical and structural properties of the matrix weaken. 21 These structural changes are speculated to alter the environment of chondrocytes, which in turn has been associated with changes in cell mechanics. [22] [23] [24] The early changes in matrix properties might affect chondrocyte biomechanics, signaling, and biosynthesis and cause crucial changes in cartilage homeostasis leading to accelerated degeneration of cartilage. However, these important early events have rarely been studied and are not well understood. In a previous study using a lapine model of early OA, 25 it was observed that matrix and cell deformation behavior in the superficial zone of mechanically loaded articular cartilage differed substantially between the early OA and the normal cartilage samples. Histological analysis confirmed early OA in that model (9 weeks of ACLT) but did not quantify the possible changes in structural macromolecules that might have caused the changes in matrix and cell properties. On the other hand, we found in a previous study of very early OA (4 weeks post ACLT in the rabbit 26 ) that reduced PG content and collagen fibrillation in the superficial zone cartilage explained the increased local cartilage matrix and chondrocyte deformations observed in this model when compared to control animals with intact knees. Therefore, the purpose of this study was to characterize the depth-dependent proteoglycan content, collagen content, and collagen orientation at 9 weeks post-ACLT using microscopic techniques, and relate these changes in the superficial zone to the altered cell deformation behavior observed upon mechanical loading of cartilage. In addition, the PG contents in the superficial PCM were analyzed to understand the superficial cell mechanics in early OA cartilage. We hypothesized that early OA alters structural macromolecules in the superficial zone cartilage matrix and that these degradations increase cell deformations observed for standardized loading conditions.
MATERIALS AND METHODS

Samples, Confocal Microscopy, and In Situ Indentation
The experimental data of in situ chondrocyte indentation which were combined in this current study were taken from our previous study. 25 Briefly, patellae from ACL-transected (ACLT), the corresponding intact contralateral (C-L) and normal ACL intact knees (Normal) were obtained from 15 months old, skeletally mature female New Zealand White rabbits (N ¼ 6 patellae/group) at 9 weeks post ACLT in the Life and Environmental Sciences Animal Resource Center at the University of Calgary. This study was carried out according to the guidelines of the Canadian Council on Animal Care and was approved by the committee on Animal Ethics at the University of Calgary. Mechanical indentation loading of 2 MPa surface pressure was applied at the articular surfaces in the three groups using a customdesigned indentation system based on a confocal laser scanning microscope 27 to measure deformations of the local cartilage matrix (denoted as ECM) and chondrocytes in real time ( Figure 1A ). Three-dimensional, superficial zone matrix deformations were quantified for the axial and two mutually perpendicular transverse directions (N ¼ 4 patellae/group). Changes in superficial cell morphology (n ¼ 12 cells/patella) ( Figure 1B ) were determined as described in detail previously. 25 Following indentation testing, histological slices were prepared for microscopic analysis. Specimens were fixed in 10% formalin, decalcified, dehydrated, and treated with xylene before embedding in paraffin, and were cut at 10 mm thickness. 25 Digital Densitometry (DD) and Polarized Light Microscopy (PLM) For DD and PLM, samples were taken from the mid-region of the medial side of the patella at the site of the indentation testing. Spatial proteoglycan content was determined by quantifying the optical density (OD) of 10 mm thick Safranin O stained sections with DD (Photometrics CH250 Ltd., Tucson, AZ) ( Figure 1) . 28 All sections were stained at the same time and batch. A rectangular region of interest ($400 mm wide) was manually drawn from the cartilage surface to the subchondral bone in the middle region of the patella. Profiles were horizontally averaged and interpolated to 250 points. Three slices from every sample were measured (N ¼ 6 patellae/group and three slices/patellae).
Depth-dependent collagen fibril orientation was analyzed using PLM of 10 mm thick unstained sections with proteoglycans removed (Leitz Ortholux II POL, Leitz Wetzlar, Wetzlar, Germany) ( Figure 1 ). Images were acquired at 0˚, 15˚, 30˚, 45˚, 60˚, 75˚, and 90˚polarizer pair positions. Additionally, an image was recorded at the 90˚position with a l/4-phase shift plate. Collagen fibril orientation maps were calculated as described in detail earlier. 24 A rectangular region of interest ($400 mm wide) was manually drawn from the cartilage surface to the subchondral bone in the middle region of the patella. Profiles were horizontally averaged and interpolated to 250 points. Three slices from every sample were measured (N ¼ 6 patellae/group and three slices/ patella). For the correlation analysis with cell shape changes, the average PG content and collagen fibril orientation for each sample were calculated from the superficial zone (5% of tissue thickness).
Fourier Transform Infrared Imaging (FTIRI)
The spatial collagen content was determined using FTIRI of 10 mm thick unstained sections with proteoglycans removed using the Perkin Elmer Spectrum Spotlight 300 imaging system (Perkin Elmer Spotlight 300, Perkin Elmer, Shelton, CO) ( Figure 1 ). Spatial pixel size was 6.25 mm, spectral resolution was 4 cm
À1
, and the collected spectral region was 800-4,000 cm
. A 500 mm wide area in the mid-region of the patella was measured. For baseline correction, the minimum value of the absorption spectrum was set to 0. Collagen content was estimated by measuring the integrated absorbance of Amide I peaks (1,585-1,720 cm
) from the infrared absorption spectrum. 29 Profiles were horizontally averaged and interpolated to 100 points. Three slices from every sample were measured (N ¼ 6 patellae/group and three slices/patella). For the correlation analysis with cell shape changes, the average collagen content for each sample was calculated from the superficial zone (5% of tissue thickness).
PCM Analysis From DD
To study the pericellular PG content, the superficial layer from the previously Safranin O stained sections was imaged with DD using a 40Â objective. Analysis was performed on superficial zone chondrocytes (depth, mean AE 1 SD; 19AE 6.5 mm, 3-4% of normalized depth), which were identified by their flat, disc like shape. OD profiles, reflective of PG content, were calculated for selected cells (N ¼ 6 patellae/group and three sections/patellae, total analyzed cells n ¼ 153) in axial and transverse directions for STRUCTURAL MACROMOLECULES AND CHONDROCYTE AFTER ACLT visually identified regions of interest (ROIs). The ROIs were automatically scaled to extend 6.25 mm (40 pixels) into the ECM from the cell-PCM edge. The edge of the cell-PCM interface was identified as the maximum OD value in the profile (for ROIs, see Figure 1 ; for profiles, see results Figure 5 ). In addition to the OD profiles generated for the measured values, profiles were also generated for the normalized values (normalized to the last pixel value in the ECM) in order to see differences in the possible PG loss between the PCM and ECM. For the correlation analysis with cell shape changes, the average pericellular PG content was calculated from the 1 Â 2 mm area (width of the ROI and assumed thickness of the PCM).
Statistical Analyses
Comparisons of chondrocyte morphology were performed using two-way repeated ANOVA (SPSS 15.0, SPSS Inc.) with test groupings (normal, C-L, and ACLT) as the main between subject factors and loading conditions (loaded and unloaded) as the main within subject factors. Local tissue strain comparisons between two independent samples (normal vs.
ACLT, and normal vs C-L groups) were performed using independent samples t-tests, and comparisons between two related samples (ACLT vs. C-L) were done using the paired samples t-test. Chondrocytes within a given joint were considered as a repeated factor. 25 Collagen fibril orientation, proteoglycan content, and collagen content differences across the cartilage depth were statistically examined. Normal distribution for these data could not be confirmed. Therefore, pointby-point comparisons between groups were performed using the non-parametric Mann-Whitney test for independent samples (normal vs. ACLT and normal vs. C-L groups) and the Wilcoxon test for paired samples (ACLT and C-L). For the PCM analysis, both normalized and absolute value profiles in and around the PCM were compared between the groups with the same nonparametric tests. Pearson correlation analyses were performed to quantify the relationships between cell deformations and ECM/PCM strains, and between cell deformations and superficial tissue structure/composition. In this analysis, average values of each parameter for every sample were used (n ¼ 12). Statistical tests were performed and PG content profiles were calculated with a custom MATLAB 
RESULTS
Mankin scores for the middle-region of the medial side of the patellae were 1.5, 1.0, and 0.0 for the ACLT, C-L and normal group, respectively. 25 Cell volumes increased with mechanical loading in the ACLT group (mean: 8% increase), while they decreased in the normal group (mean: 9% decrease) ( Table 1) . 25 Changes in cell volumes were significantly different between groups (n ¼ 48/group, p < 0.005). Furthermore, cell width increased significantly more (n ¼ 48/group, p < 0.005) in the ACLT group (mean: 16%) than in the normal group cartilage (mean: 10%) ( Table 1 ). There was no difference in the average compressive tissue strains for 2 MPa loading between the normal (17 AE 3%), C-L (16 AE 1%), and ACLT tissues (16 AE 3%). However, the average axial, local extracellular matrix (ECM) strains in the superficial cartilage were significantly greater for the ACLT tissue (38 AE 4%) than the C-L (27 AE 5%) and normal tissues (28 AE 4%) (N ¼ 4/group, p < 0.05, Table 1). Average transverse ECM strains in the superficial cartilage were also greater for the major and minor directions in the ACLT (14 AE 3% and 4 AE 1%, respectively) compared to the C-L (8 AE 2% and 0 AE 1%, respectively) and normal tissues (5 AE 2% and 1 AE 1%, respectively) (N ¼ 4/group, p < 0.05, Table 1 ). 25 Proteoglycan and collagen content, as well as collagen fibril orientation depended significantly on cartilage depth (Figure 2-3) . Proteoglycan content in the superficial (0-5% of normalized cartilage depth) and deep layers of cartilage (39) (40) (41) (42) (43) (44) (45) (46) (47) (48) (49) 55 , and 57-100% of normalized cartilage depth) was significantly lower in ACLT compared to normal group cartilages (N ¼ 6/group, p < 0.05) (Figure 2) . Moreover, proteoglycan content in the deep layer (46-100% of normalized cartilage depth) was significantly lower in C-L compared to normal group samples (N ¼ 6/group, p < 0.05) (Figure 2 ).
There were no significant differences in collagen content between normal and ACLT group samples at any cartilage depth (peak percentage difference: À13 and 13% at 1 and 100% of normalized cartilage depth, respectively; p ¼ 0.06 as the lowest and p ¼ 0.53 as the highest values at 15% and 2% of normalized cartilage depth, respectively) ( Figure 3) . However, collagen content in the most superficial zone (0-2% of normalized cartilage depth) was higher in the C-L group compared to the normal group samples, and was lower in the middle zone (18-20% of normalized cartilage depth) for the C-L group compared to the normal group samples (N ¼ 6/group, p < 0.05). Finally, collagen content in the middle zone (14-46% of normalized cartilage depth) was higher in the ACLT group compared to the C-L group samples (N ¼ 6/group, p < 0.05) (Figure 3 ).
There were significant differences in collagen orientation between normal group and ACLT group samples (0-3%, 12-19%, 22-24%, and 26-100% of normalized STRUCTURAL MACROMOLECULES AND CHONDROCYTE AFTER ACLT cartilage depth), and the normal and C-L group samples (12%, 16-18%, 26-30%, and 41-100% of normalized cartilage depth) (N ¼ 6/group, p < 0.05) (Figure 4 ). In general, collagen orientation was more random throughout the cartilage depth in the C-L and ACLT group compared to the normal group samples. Specifically, collagen fibrils in the superficial zone were more parallel to the articular surface in the normal group compared to the C-L and ACLT group samples. Furthermore, in the middle and deep zones, the collagen fibrils were oriented more perpendicularly to the articular surface in the normal group compared to the C-L and ACLT group samples (Figure 4) .
The PG content in the superficial zone PCM decreased in the ACLT group compared to the normal group ( Figure 5A and B) . However, this PCM and PG loss was not as extensive as that in the surrounding ECM ( Figure 5 A and B) , which can be observed from the significantly higher PCM to ECM PG content ratio in the ACLT group compared to the normal or C-L group samples ( Figure 5C and D) .
Based on correlation analyses (Table 2) 
DISCUSSION
Collagen and proteoglycan content, as well as collagen orientation, in normal and in an animal model of early OA cartilage, were analyzed to help understand possible mechanisms causing altered mechanical responses of superficial zone cells in early OA. Consistent with a previous study, 19 we found changes in collagen fibril orientation and decreases in proteoglycan content in early OA, prior to any changes in collagen content. Furthermore, collagen fibril orientation of the tissue and PG content in the PCM were correlated with chondrocyte deformations (Table 2) .
As hypothesized, 9 weeks of ACLT produced a randomization of the collagen fiber orientation and a reduction in PG content in the superficial zone cartilage. These alterations likely caused the increases in local tissue and chondrocyte deformations observed in this study (Figure 4 and Tables 1 and 2 ), because PG is thought to provide the primary resistance to compression through the interaction with the collagen fibrillary network. [6] [7] [8] [9] Although the loss of collagen content in the superficial zone of the ACLT group samples was not statistically significant, the loss of PG content in the ACLT group samples combined with the changes in collagen content may explain the increased local ECM and cell strains found in this study (Tables 1 and 2 ). STRUCTURAL MACROMOLECULES AND CHONDROCYTE AFTER ACLT Surprisingly, the corresponding axial cell strains remained unaffected, possibly because of a weakened transfer of compressive load from the ECM to the cells, or a protection from the intact chondron, despite the weakened ECM. However, the weakened ECM in the cell environment allowed for increased transverse cell strains, thereby resulting in an increase in cell volume in the mechanically loaded early OA tissue.
The collagen network provides tensile stiffness to cartilage along the primary fibre orientation, especially in the superficial zone of cartilage, where collagen fibres are known to run parallel to the surface. 30 Thus, the decrease in parallel aligned collagen fibrils in the superficial zone with ACLT was expected to result in a loss of tensile strength. 3 Bank et al. 30 provided direct evidence that, in late OA, increased swelling and instantaneous matrix deformation of human femoral condyle cartilage is highly correlated with collagen degradation. In agreement with this idea, transverse ECM strains increased in the superficial zone in ACLT group cartilages compared to normal group cartilages (Tables 1 and 2) , which resulted in an increase in cell width in the ACLT group samples (Table 1) . 25 This observation is consistent with theoretical considerations of the microstructure of the cartilage matrix, which suggest that a softened collagen fibril network around chondrocytes increases cell widths and volumes in articular cartilage under compression. 22 At both 4 and 9 week post-ACLT, 26 a reduction in the PG content and a distinct collagen fibrillation were the major structural changes. The difference in PG content between the ACLT and C-L groups was larger in the superficial zone cartilage (p < 0.05, from 1.6% to 15.2% of cartilage depth) at 4 weeks compared to 9 weeks post (Supplemental Figure S1 ). In addition, the difference in collagen orientation angle was greater in the superficial cartilage (p < 0.05, from 2% to 8.4% of cartilage depth) at the 4 weeks compared to 9 weeks post-ACLT (Supplemental Figure S2) . The most likely explanation for this finding is that the C-L tissues also start to show initial degeneration at the 9-week time point, and hence the ACLT to C-L difference becomes smaller. This hypothesis is supported by the raw PLM data (Supplemental Figure S3) , which shows different collagen fibril orientation angle in the middle and deep zones of cartilage at the 4-and 9-week time points in C-L tissues. Interestingly, at the 9-week time point, we found an increase in collagen content in the middleupper deep zone region (p < 0.05, from 14% to 46% of cartilage depth) of ACLT group compared to C-L group samples (Supplemental Figure S4) . Therefore, the difference between ACLT and C-L group collagen content was larger at the 9-week compared to the 4-week time point (Supplemental Figure S4) . This result could be due to an increased collagen synthesis that might arise from altered mechanical signals perceived by deep zone cells due to other changes in the tissue structure (collagen orientation and PG content).
Similarly, an increase in collagen content was observed in the deep zone of femoral cartilages at 4 weeks after ACLT. 31 As already indicated above, the C-L group cartilage also had degenerative changes that manifested themselves in a changed PG content and altered collagen orientation angles in the deep zones compared to normal group cartilage. Alterations in the structure of the contralateral joint cartilage may be explained in several ways, for example, by changes in the mechanical loading patterns on the contralateral joint. [32] [33] [34] Given the three orders of magnitude difference in the Young's modulus between chondrocytes and local ECM, 35, 36 one would expect that chondrocyte deformations are dominated by the ECM deformations in the vicinity of cells rather than the mechanical properties of the chondrocytes. Furthermore, as it is well recognized that chondrocytes and surrounding ECM are connected by adhesion molecules through the pericellular matrix, it seems plausible that chondrocyte deformations are intimately linked to ECM deformations, as was found here and has been found in articular cartilage when exposed to osmotic loading 37 or cyclic compression. 38 Therefore, we propose that chondrocyte deformations in situ are largely governed by the altered structure and mechanical properties of the local ECM in early OA. Although cartilage matrix integrity may have affected cell deformations in this study, the structure and integrity of the chondron may also affect the cell mechanics. 39, 40 In the present study, we determined structural and compositional parameters using PLM, DD, and FTIR focusing on alterations across the entire tissue and the local ECM/PCM. In OA, the PCM is thought to be weakened and permeability increased. 41 Numerical modeling suggests that such alterations may affect chondrocyte mechanics. 22 However, we noticed that in early OA of 9 weeks after ACLT in our lapine model, the proteoglycan content of the PCM decreased much less than that of the surrounding ECM ( Figure 5) . Therefore, excessive cell deformations may have been prevented by the relatively unchanged proteoglycan matrix of the PCM. Further studies should be aimed at investigating the changes in collagen content in the PCM in an OA model for a better understanding of the role of the PCM.
It is well accepted that large tissue deformations can increase chondrocyte biosynthetic activity such as calcium signaling. 42 Moreover, tensile loading of superficial zone chondrocytes has been linked to increased sulfated-GAG synthesis. 43 The biosynthetic activity of chondrocytes is directly affected by the strains of the ECM surrounding the cells. In the early stages of OA, chondrocyte biosynthesis is thought to increase.
14 While chondrocyte deformations were not measured for middle zone cells, one may speculate that an upregulation of collagen synthesis in the middle zone cartilage could be related to the alternations in chondrocyte deformations and biosynthesis in early OA. However, the 348 HAN ET AL. altered chondrocyte biosynthesis in early OA is not only caused by increased ECM strains, but also factors intrinsic to the chondrocytes.
One limitation of assessing the PG content near cells is that the cell size is similar to the slice thickness (10 mm), which adds uncertainty to the border regions between the cell, PCM and ECM. However, samples from all groups were measured using identical protocols, and thus, the uncertainty should have been the same for all groups, therefore the differences between the groups should not be affected by this uncertainty.
Analyzing the samples using a normalized depth index allows for direct comparisons between the experimental groups across the entire cartilage depth, but may mask differences between the groups. However, as cartilage thicknesses were similar across groups our conclusions should be valid and should hold true for absolute cartilage depth.
Chondrocyte deformations and local tissue strains were quantified for steady state conditions, when fluid load support is negligible and only the solid matrix resists tissue deformation. However, articular cartilage and chondrocyte loading in everyday situations is highly dynamic and must be considered in future studies for normal and OA tissues. The viscoelastic properties of cartilage in early and late OA are likely to differ substantially from normal because of the altered structure of the tissue in disease which has been shown to affect stiffness, permeability and creep/relaxation properties. 16, 21 For example, the collagen network helps pressurize fluid in cartilage, 44 and collagen orientation affects permeability. 45 As collagen orientation was changed at 9 weeks following ACLT, cell deformations would be expected to differ substantially under dynamic loading conditions compared to what we describe here at steady-state. Changes in permeability in early OA 16 would also be expected to affect the dynamic cell deformation behavior. Therefore, cell and tissue deformations under dynamic loading conditions, in normal and early/late OA tissues are needed for a better understanding of the chondrocyte mechanics in OA, even though such experiments are technically challenging for chondrocytes in the intact tissue attached to its native bone, 27 or in vivo, in the intact joint loaded physiologically by muscular forces. 46 In conclusion, our findings suggest that early OA causes small, but distinct, structural changes in the superficial zone matrix which affects the chondrocyte mechanics in that zone, and thus might be responsible for altering the biosynthetic activity of chondrocytes and contribute to the progression of OA.
